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[57] ABSTRACT

Spatially variable nonlinear optical thresholding in the
Fourier plane reduces signal-dependent noise, such as
scalar multiplicative noise. Coherent artifact noise re-
duction by a factor of four is attained using deamplify-
ing photorefractive two-beam coupling. A variable
light transmittance threshold across a spatially thre-
sholded light modulating element such as a photorefrac-
tive crystal is utilized for this purpose.

19 Claims, 2 Drawing Sheets
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OPTICAL SIGNAL DEPENDENT NOISE
REDUCTION BY VARIABLE SPATIAL
THRESHOLDING OF THE FOURIER

TRANSFORM

BACKGROUND OF THE INVENTION

The present invention relates to the field of process-
ing optical signals.

Many optical image processing operations such as
edge enhancement may be performed by suitable linear
spatial filters. A broader class of operations is made
available by extending this technique to nonlinear filter-
ing. An example of this is the use of logarithmic nonlin-
earities for signal compression or conversion of multi-
plicative to additive noise. In accordance with the pres-
ent invention, we demonstrate the use of phase preserv-
ing thresholding (with the linear transmission of high
intensities) in the Fourier plane for reducing additive
signal dependent noise, such as coherent artifact noise,
image defects and spatial light modulator nonuniform-
ity.

Additive signal dependent noise is much more diffi-
cult to reduce than independent additive noise. Coher-
ent artifact noise, uniformity noise, defect noise and film
grain noise may produce important limitations in the
operation of coherent optical processing devices. It has
been shown that each of these noise sources contributes
similarly in the Fourier transform plane by adding a
signal dependent noise component to the signal trans-
form. If this added noise transform term is weak relative
to the signal transform, a nonlinear optical thresholding
mechanism operating in the Fourier plane will separate
the relatively intense signal peaks by attenuating the
noise between the signal peaks. This noise reduction
often works with input amplitudes which have a small
signal relative to noise. We used the thresholding mech-
anism of photorefractive two-beam coupling to reduce
strong artifact or defect noise in plane wave illumina-
tion of a bar chart transparency. There is no noticeable
reduction in the resolution of the signal used in our
measurements. Furthermore, no clean signal pattern is
used as a reference signal in this noise reduction tech-
nique.

BRIEF SUMMARY OF AN EMBODIMENT OF
THE INVENTION

The present invention is an extension of our previous
work which used a constant transmission threshold to
reduce additive speckle noise. See J. Khoury et al.,
Optics Letters, Vol. 16, No. 10, May 15, 1991. Additive
noise is independent of the signal and therefore rela-
tively easy to reduce in comparison with signal depen-
dent noise which is notoriously difficult to reduce. In
accordance with the present invention, a spatially vari-
able threshold is used in the Fourier plane to reduce
additive signal dependent noise. If the noise is predomi-
nantly low frequency, the noise will have an envelope
similar to that of the signal spectrum. It is often possible
to approximate the radial distribution of the signal by a
1/1 spectrum (or some other suitable generic shape) for
use in the Fourier plane thresholding. In the nonlinear
optical process of two-beam coupling, it is possible to
shape a reference or pump beam to spatially tune this
optical threshold. In addition, a more complicated
shape for this spatial threshold may be selected if suffi-

10

15

20

25

30

35

43

50

33

65

2

cient information is known about the signal and/or
noise.

This noise reduction technique may be used for noise
reduction, signal thresholding, feedback stabilization
and coherent restoration of signals in such optical pro-
cessing devices as spatial light modulators, optical cor-
relators, optical peak detectors, optical associative
memories, and optical feedback systems. This approach
reduces signal dependent noise such as that produced
by defects and imperfections in optical components.
‘This technique should find application in pattern recog-
nition systems, target trackers, target designators, and
image processing systems.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects, features and advantages of the present
invention will become apparent upon study of the fol-
lowing description, taken in conjunction with the draw-
ings in which:

FIG. 1 iliustrates an embodiment of the invention;

FIGS. 2 and 3 illustrate suitable transmittance thresh-
olds used to attenuate the additive signal dependent
noise in signals having low frequency noise and high
frequency noise respectively; and

FIG. 4a shows the amplitude determined SNR before
noise reduction and FIG. 45 shows the increased SNR
after noise reduction in accordance with the invention.

DETAILED DESCRIPTION

If the input, i, consists of an amplitude modulated
plane wave signal, s, accompanied by additive signal
dependent noise, n(s) with a broadened power spec-
trum, the amplitude of the noisy image may be repre-
sented by

i(x1)=As+n(s) (1)
where the multiplicative factor, A, allows a conversion
of energy from signal to noise, where A=1—a pro-
duces an equal or lesser energy of noise. The Fourier
transform of the amplitude modulation of the signal s(x)
will be sharply peaked and reduced in amplitude, while
that of n(s) will in general be weak and dispersed. In
particular, the noise for coherent artifact noise, sensor
noise, channel noise, grain noise, defect noise and input
uniformity noise is linearly dependent on the signal, and
may be represented by

i=As+s-n(x)) 2)
where A is approximately unity, and the noise term n(x)
1s a zero mean fluctuation for coherent artifact noise.
For example, opaque defects in the input plane, will
produce an input term of,

i=(1—a)s+(a—d(x1)) s 3
where the defect distribution d(x) has a value of 1 over
the area of the defects and O elsewhere, and the constant
a is chosen to give (a—d) a mean value of zero so that
the factor 1—a accounts for the loss signal energy.
Uniformity, channel and grain noise produced in the
input plane may also be represented by Equation 2 in a
similar manner.
‘The Fourier transform of the input given by (2) is,

I{x))=AS+N*S 4)
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where the coefficient A includes any zero-frequency
component of the noise spectrum, and zero-mean noise
spectrum N is the Fourier transform of the noise and has
no DC term. The noise dependent term (the convolu-
tion of the noise and signal spectrums) acts to statisti-
cally distribute energy around the sharp peaks of the
signal transform, as indicated in FIG. 2. For very low
frequency amplitude and/or phase noise, the shape of
the convolution of S and N is similar to that of the signal
spectrum. However, for white noise, the shape of this
convolution is flat, and only the low frequency portions
of the signal spectrum rise above the noise as indicated
in FIG. 3.

This noise term cannot simply be removed by band
(high or low) pass spatial filtering without significantly
changing the image. However, nonlinear filtering acts
adaptively to reduce noise while preserving the image.

In the Fourier plane, the noise term distributed about
the peaks in the signal spectrum is generally much less
intense than the respective spectrum peaks of the signal.
This enables the thresholding mechanism in the Fourier
transform plane to reduce this noise. In two beam cou-
pling with signal deamplification, the reference beam
intensity profile Ir(x3) selects the threshold level. The
asymptotes of the two beam coupling filter transmit-

tance, F(x2), are given by

1,forI > Ip )

B2 = ¢ for 1 < Iy
where g, the deamplification coefficient, is positive. In
summary, a Fourler intensity which is much greater
than the reference is transmitted, and one much smaller
than the references is attenuated.

If the filter is to remove the noise from the signal
according to Equation 5, the spatial profile of the refer-
ence beam must satisfy the inequality

2 6
2@ (s ©
4’ > B, )
sty AP

where the Fourier transform of noise is characteristi-
cally broad and weak. In Equation 6, the left inequality
is required to preserve the signal fidelity, and the right
inequality is required to reduce the noise.

The selection of the spatial variation of the threshold
1s determined by Equation 6, and may contain detailed
structure when the signal and/or noise are well known.
It 1s however possible to use smoothly varying spatial
thresholds to reduce signal dependent noise.

If the noise spectrum is widely spread relative to the
sharp signal spectrum peaks, substantial noise reduction
may be achieved with a uniform reference. For exam-
ple, reduction of weak white scalar-multiplicative noise
requires a flat reference for agreement with the right
side of the inequality in Equation 6. High levels of white
noise may reduce high frequency resolution during the
noise reduction processing.

If the envelope of the noise spectrum is narrower
than that of the signal, the reference beam intensity
profile 2 of FIG. 2, is chosen to be approximately pro-
portional to the signal intensity envelope. The signal
spectrum amplitude often has a 1/f envelope, providing
a generiC best-shape for the reference profile. This can
be attained by the use of a spatially variable density
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4
filter (SVDEF) positioned in the path of the reference
beam, as described below.

In many cases, both the signal and the noise approxi-
mately have a 1/f envelope. In addition, the noise often
has a uniformly decreasing power spectrum, while the
signal power spectrum may include strong separated
peaks 3 and 4 as indicated in FIG. 2. As described in
Equation 4, the strong signal peaks are reduced in am-
plitude and have an added noise term of the convolution
of the noise with the peak (appearing as a surrounding,
weak cloud). A reference beam intensity gradient
shaped to approximately match the spectra of both the
signal and noise (here approximately 1/f) provides an
optimum noise reduction.

FIG. 1 shows our experimental implementation of
two-beam coupling for signal-dependent noise reduc-
tion, employing photorefractive deamplification. The
argon laser L, operates with an intercavity etalon at
514.5 nm wavelength. A beamsplitter BS1 produced an
object beam OB and reference beam RB. Neutral den-
sity filters NDF1 and NDF2 were used to adjust the
intensity of each beam, and the noise was generated by
passing the object beam through a microscope slide DM
which was lightly covered with chalk dust before illu-
minating the object O which was an Air Force lens
resolution chart. Dust noise is generated when the slide
is at the chart, and artifact noise is generated by moving
the slide away from the chart. Both beams had the same
diameter.

The resulting noisy optical signal was then Fourier
transformed by lens L1 of 10 cm focal length into a
photorefractive nonlinear threshold element 1 consist-
ing of a barium titanate crystal of width 4.2, height 4.6,
and length 4.9 mm. Lens L1 is positioned one focal
length away from thresholded modulator element 1 so
that it functions a Fourier transform means for the noisy
optical signal. Also, the image plane IP is positioned an
image distance I from L1 found by solving the well
known thin lens equation 1/f=1/0-+1/1, where O is
the distance from L1 to the object O and f is the focal
plane of lens L1. As the image of object O is recovered
at the mmage plane IP, lens L1 also advantageously
functions to inverse Fourier transform the power spec-
trum 1n threshold element 1 without the need for a
second Fourier transform lens. Of course such a con-
ventional second lens 1.2 shown by dashed lines can be
employed if desired.

The aforesaid Fourier plane thresholding can be car-
ried out by placing a spatially variable density filter
SVDF, which produces the desired beam intensity pro-
file across the face of the photorefractive crystal thre-
sholded modulator element 1, thereby to produce the
varied threshold 2 indicated in FIG. 2. The SVDF thus
functions as a threshold control means for establishing a
variable transmittance threshold across the photorefrac-
tive crystal 1 which becomes a thresholded nonlinear
light modulator element which attenuates a substantial
portion of the additive signal dependent noise of the
optical signal being processed without adversely affect-
ing its resolution. Where the desired threshold has a
shape shown in FIG. 2, the SVDF would have high
transmittance (low density) at its center and lower and
lower transmittances (higher and higher densities)
along radial lines extending to outer portions of the
filter. ‘This is schematically indicated by the bell shaped
light transmittance curve 2 of FIG. 2.

Employing the apparatus of FIG. 1, we produced
photographs of the image plane IP which verify our
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low frequency artifact noise reduction. The artifact

noise was chosen to have a spatial variation of the same

order of magnitude as the width of the bar chart.
Results of our experiment using two-beam coupling

deamplification thresholding with the apparatus of 5

FIG. 1, indicated the reduction of low-frequency coher-
ent artifact noise. A noise reduced image was produced
at IP after nonlinear spatial filtering. Noise is discarded
into beam 8. The grating developed in the crystal 1
works as an adaptive noise cancelling hologram. We
demonstrated that the noise cancelling hologram was
produced in the output IP plane when the object beam
was blocked before hitting the barium titanate element
1, allowing the reference beam to reconstruct its noise
cancelling hologram. Clearly only the noise has been
cancelled. Using conventional high-pass spatial filtering
to reduce this noise would remove the low signal fre-
quencies with their associated noise, and the output
would be edge enhanced with no improvement in the
SNR. Using a spatial filter implementation of a Wiener
filter increases the SNR by reducing the transmission of
spectral energy in the regions where noise dominates
over signal. Neither the high-pass spatial filter nor the
Wiener filter produces a noise cancelled image with the
fidelity of the noise cancelling hologram from two beam
coupling deamplification. Equation 4 shows that the
Fourier transform consists of the sum of a signal and a
convolution of signal with noise. Since the noise is low
frequency, a high pass filter still allows the same ratio of
noise to signal to pass through to the output plane.

Two beam coupling deamplification thresholding
reduces artifact noise as shown in FIG. 4. As shown in
FIG. 44, the input signal to noise ratio (SNR) before
noise reduction was SNRi =4, and the value after noise
reduction shown in FIG. 4b was increased to
SNRr=15. This is an improvement in the SNR of a
factor of 4. The accompanying intensity reduction in
the signal in this processing was small (a signal transmis-
sion of 0.6) while the noise was substantially reduced (a
noise transmission of 0.15). This is similar to that re-
ported for additive speckle noise removal, and yields
stmilarly high optical efficiencies while producing only
a small change in the signal beam path.

The high spatial frequencies produced by point-like
uniformity noise such as opaque defect (dust) or shot
(channel error or drop out) noise uniformly distributed
over the input plane produces a speckle-like white noise
spectrum which is similar to that treated by additive
speckle noise reduction; see our aforesaid prior “Optics
Letters” paper. To illustrate this example, we used
deamplifying two beam coupling to remove multiplica-
tive opaque defect noise produced by dusty images. The
multiplicative opaque dust produces speckle whose
gramn shape is determined by the input signal. This
speckle is spread over 25 times the spread of the three-
bar chart spectral roll-off as determined by the relative
size of the dust and chart.

This technique of dust-noise (high frequencies from
point sources) cleanup using two-beam coupling deam-
plification has been used to demonstrate beam cleanup
of multiplicative scalar amplitude noise with results
similar to those of artifact noise aiready discussed. Es-
sentially a self-adaptive spatial filter is produced using
holographic noise cancellation. Using linear low pass
spatial filtering to remove this noise would have de-
graded the bar edges and corners of images of object O.
In our experiments, the artifact noise is produced by
scattering from the same dusty slide in the upstream
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coherent beam and consequently consists of additive
low frequency patterns which are individually coherent
across the input plane.

In summary, in accordance with the invention, we
have demonstrated reducing signal dependent or scalar-
multiplicative noise by operating on its Fourier trans-
form consisting of a sum of the signal spectrum and the
signal dependent noise, as shown in Equation 3. This
technique 1s based solely on the difference between the
coherence properties of the signal and noise and is per-
formed without access to a reference signal. Our tech-
nique possesses good energy efficiency while preserv-
ing the features of the signal. The processing of the
apparatus of FIG. 1, operates as a transmissive device
without deflecting off of the optical axis, and the re-
sponse time for this signal dependent noise reduction
depends solely on the two-beam coupling response time
which in the FIG. 1 embodiment is the photorefractive
response time. If other nonlinear optical or optical stor-
age means devices were used, they would have their
own individual response times. The loss of signal resolu-
tion with this technique is very low. These results show
that it is possible to reduce additive signal dependent
noise without significantly affecting the resolution of
the object by using two-beam deamplification for non-
linear optical thresholding. This reduction of 1/f noise
is complementary to the process of zero-mean white
noise reduction. We have shown that adaptive thre-
sholding in the Fourier transform plane can reduce
signal dependent additive noise produced by various
input nonuniformities. This active techmique works
independently of the frequencies of the noise, preserves
image edges, and is superior to any linear operations in
these respects. |

Since other embodiments of the present invention
will become apparent to the skilled worker in the art,
the scope of the invention is to be defined by the terms
of the following claims and art recognized equivalents
thereof. For example, the thresholded modulator 1
could comprise an optically or electrically addressed
spatial light modulator, or other optical storage means,
operating in the light reflection mode as well as the light
transmissive mode shown in FIG. 1. In like manner, the
method of the invention may be employed using elec-
tronic digital signal processing techniques in place of an
optical processing implementation.

We claim:

1. In a two-beam coupling apparatus for processing
an optical signal that reduces additive signal dependent
noise associated therewith without substantially affect-
ing the resolution of the optical signal comprising:

(a) a spatially thresholded light modulating element;

(b) Fourier transform means for projecting a Fourier
transform of both said optical signal and signal
dependent noise upon the thresholded light modu-
lating element;

(c) threshold control means having a substantially
bell shaped transmittance over lines extending
from substantially its center point to substantially
the nearest outer perimeter point for establishing a
varying transmittance threshold envelope across
said thresholded light modulating element, which
envelope 1s shaped in accordance with the signal
dependent noise amplitude distribution across the
face of the light modulating element, thereby to
threshold out and thus attenuate a substantial por-
tion of said additive signal dependent noise associ-
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ated with the optical signal without substantially
affecting the resolution of said optical signal; and

(d) means for optically transforming the Fourier
transform produced by the Fourier transform
means of paragraph (b).

2. In a two-beam coupling apparatus for processing
an optical signal that reduces additive signal dependent
noise associated therewith without substantially affect-
ing the resolution of the optical signal comprising:

(a) a spatially thresholded non-linear light modulating

element;

(b) Fourier transform means for projecting a Fourier
transform of both said optical signal and signal
dependent noise upon the thresholded light modu-
lating element;

(c) threshold control means having a substantially
bell shaped transmittance over lines extending
from substantially its center point to substantially
the nearest outer perimeter point for establishing a
varying transmittance threshold envelope across
said thresholded light modulating element, which
envelope 1s curved in accordance with the variable
signal dependent noise amplitude distribution
across the face of the light modulating element, to
threshold out and thus attenuate a substantial por-
tion of said additive signal dependent noise associ-
ated with the optical signal without substantially
affecting the resolution of said optical signal; and

(d) means for optically transforming the Fourier
transform produced by the Fourier transform
means of paragraph (b).

3. In a two-beam coupling apparatus for processing
an optical signal that reduces additive signal dependent
noise associated therewith without substantially affect-
ing the resolution of the optical signal comprising:

(a) a spatially thresholded photo-refractive light mod-

ulating element;

(b) Fourier transform means for projecting a Fourier
transform of a sum of the optical signal spectrum
and signal dependent noise spectrum upon the thre-
sholded non-linear light modulating element;

(c) threshold control means having a substantially
bell shaped transmittance over lines extending
from substantially its center point to substantially
the nearest outer perimeter point for establishing a
transmittance threshold envelope across said thre-
sholded light modulating element which envelope
1s curved in accordance with the variable signal
dependent noise amplitude distribution across the
face of the light modulating element and positioned
shightly above amplitude peaks of said noise, to
threshold out and thus attenuate a substantial por-
tion of said additive signal dependent noise associ-
ated with the optical signal processes without sub-
stantially affecting the resolution of said optlcal
signal; and

(d) means for optically transforming the Fourier
transform produced by the Fourier transform
means of paragraph (b).

4. The apparatus of claim 1 wherein said thresholded
light modulating element comprises a spatial light mod-
ulator.

5. The apparatus of claim 1 wherein said thresholded
light modulating element comprises a nonlinear optical
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element and means for projecting a coherent reference
light beam thereon.

6. The apparatus of claim 1 wherein said thresholded
light modulating element comprises a photorefractive
crystal and means for projecting a coherent reference
light beam thereon for forming a two beam coupling
arrangement.

7. The apparatus of claim 5 wherein said threshold
control means includes means for varying the intensity
profile of said coherent reference light beam across the
face of said nonlinear optical element.

8. The apparatus of claim 6 wherein said threshold
control means includes means for varying the intensity
profile of said reference carrier light beam across the
face of said photorefractive crystal.

9. The apparatus of claim 7 wherein said means for
varying includes a variable density filter.

10. The apparatus of claim 9 wherein said filter trans-
mits light having high intensity to central portions of
the nonlinear element and lower intensities to non-cen-
tralized portions of the nonlinear element.

11. The apparatus of claim 8 wherein said means for
varying includes a variable density filter.

12. The apparatus of claim 11 wherein said filter
transmits light having high intensity to central portions
of the photorefractive element and lower intensities to
non-centralized portions thereof.

13. The apparatus of claim 1 wherein said means for
optically transforming includes Fourier transform
means and inverse Fourter transform means, both con-
sisting of a single lens positioned a focal length away
from said thresholded light modulating element,
thereby to eliminate the need for an additional Fourier
transform lens.

14. 'The apparatus of claim 2 wherein said thresholded
light modulating element comprises a spatial light mod-
ulator.

15. The apparatus of claim 2 wherein said thresholded
light modulating element comprises a nonlinear optical
element and means for projecting a coherent reference
light beam thereon.

16. The apparatus of claim 2 wherein said thresholded
light modulating element comprises a photorefractive
crystal and means for projecting a coherent reference
light beam thereon for forming a two beam coupling
arrangement.

17. The apparatus of claim 15 wherein said threshold
control means includes means for varying the intensity
profile of said coherent reference light beam across the
face of said nonlinear optical element.

18. The apparatus of claim 2 wherein said Fourier
transform means and said inverse Fourier transform
means both comprise a single lens positioned a focal
length away from said thresholded light modulating
clement, thereby to eliminate the need for an additional
Fourier transform lens.

19. The apparatus of claim 17 wherein said Fourier
transform means and said inverse Fourier transform
means both comprise a single lens positioned a focal
length away from said thresholded light modulating
element, thereby to eliminate the need for an additional

Fourier transform lens.
* - L 3 *x - -
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